aquifer recharge and environmental discharge of treated wastewater. Chemical analysis of 21 hormones and pesticides using LCMSMS was performed in parallel to correlate standard analytical 22 methods with the in vitro assessment. For two plants with surface water discharge into drains, 23 further field work was carried out to examine in situ effects using mosquitofish (Gambusia holbrooki) 24 as a bioindicator species for possible endocrine effects. The results show considerable cytotoxicity, 25 phytotoxicity and estrogenicity in raw sewage, which was significantly reduced by conventional 26 wastewater treatment. No biological response was detected to RO water, suggesting that reverse 27 osmosis is a significant barrier to biologically active compounds. Chemical analysis and in situ 28 monitoring revealed trends consistent with the in vitro results: chemical analysis confirms the 29 removal trends observed by the bioanalytical tools, and in situ sampling did not reveal any evidence 30 of endocrine disruption specifically due to discharge of treated wastewater (although other sources 31 may be present). This study illustrates the utility of combining multiple lines of evidence, including 32 chemical analysis, an in vitro toolbox, and in situ monitoring in the assessment of water quality. 33
Keywords: chemical analysis; in vitro bioassay; mosquitofish; wastewater; water quality; water 34 recycling 35
There are several methods that can be used to inform environmental risk assessment. Chemical 44 analysis is widely used and well-grounded in regulatory frameworks, but is limited by a priori 45 selection of analytes and does not allow assessment of mixture toxicity effects. Assessment of whole 46 animals in the receiving environment (in situ analysis) is commonly used to detect toxicants and 47 determine mixture toxicity effects of wastewater, but raises animal ethics issues and is often limited 48 in predictive ability due to complex interactions with environmental factors (such as seasonal 49 variations). In vitro bioassays go some way to addressing the limitations of both chemical and in vivo 50 analysis and share a mixture of their advantages (e.g., assessment of mixture toxicity, focus on 51 chemical-mediated effects without interference from environmental factors, no ethical issues) and 52 some of their disadvantages (e.g., inability to positively identify causative compounds and accurately 53 predict whole organism effects). Bioanalytical tools also have some unique advantages, including 54 lower detection limits and high throughput screening, and some unique disadvantages such as a lack 55 of regulatory acceptance (Escher and Leusch 2012, Power and Boumphrey 2004) . A combination of 56 these different methods would provide valuable additional information to complement the current 57 traditional approach. 58
Climate change has reduced rainfall and significantly diminished water availability over the last 30 59 years in the South West of Australia and further decline is expected over the next 50 years (CSIRO & 60 8 A range of androgen and estrogen hormones were analysed by HPLC-MS/MS analysis as described in 161 Le-Minh et al. (2010) . The estrogenic and androgenic hormones analysed (with the limit of reporting) 162
were: the androgens androstenedione (1 ng/L), androsterone (50 ng/L), etiocholanolone (100 ng/L), 163 testosterone (1 ng/L), 5α-dihydrotestosterone (50 ng/L), testosterone propionate (5 ng/L) and 17β-164 trenbolone (5 ng/L), and the estrogens 17β-estradiol (5 ng/L), 17α-estradiol (5 ng/L), estrone (5 165 ng/L), estriol (50 ng/L) and 17α-ethinylestradiol (5 ng/L). 166
Herbicides analysis was performed at Queensland Health Forensic and Scientific Services (QHFSS). 167
The following pesticides were measured: flumeturon, diuron, simazine, atrazine, desethyl atrazine, 168 desisopropyl atrazine, hexazinone, tebuthiuron, ametryn, prometryn, bromacil, terbutryn, 169 metolachlor and imidacloprid. The reporting limit for all compounds was 0.025 µg/L. The compounds 170
were analysed by HPLC-MS/MS using an AB/Sciex API300 mass spectrometer (AB/Sciex Concord, 171
Ontario, Canada) equipped with an electrospray (TurboSpray) interface coupled to a Shimadzu 172 LC10AD HPLC system (Shimadzu Corp., Kyoto, Japan). Separation was achieved using a 5 µm 150×3 173 mm Aquastar column (Thermo Scientific, Australia) run at 40 ºC, and a flow rate of 0.6 mL/min with 174 a linear gradient starting at 10% B for 1 min, ramped to 100% B in 6 min, held for 2.5 min and then 175 set to 10% B in 15 sec and equilibrated for 4 minutes (A = 10% methanol/HPLC grade water, B = 90% 176 methanol/HPLC grade water, both containing 5 mM ammonium acetate). The mass spectrometer 177 was operated in positive ion multiple reaction-monitoring mode using nitrogen as the collision gas. 178
Positive samples were confirmed by retention time and by comparing transition intensity ratios 179 between the sample and an appropriate concentration standard from the same run. Samples were 180 reported as positive if the two transitions were present, retention time was within 9 sec of the 181 standard and the relative intensity of the confirmation transition was within 20% of the expected 182 value. 183 was selected for sampling with considerations of low potential of population mixing between the 187 two sites on the same stream. Fish were also collected in the Serpentine River at a site adjacent to 188 Serpentine National Park (reference site). 189
Mosquitofish sampling and analysis
On each sampling occasion up to 100 individuals were collected until the catch per unit effort 190 became too low to justify further capture. Twenty adult males (identified by the presence of an 191 elongated anal fin) and 6 females (identified by a black spot on the ventral side of the abdomen) 192
were snap-frozen in liquid nitrogen. The remainder were transported on ice to the laboratory. 193
Fish were categorised as adult male, immature male, adult female and immature female. Sex and 194 stage of maturation based on anal fin morphology was determined using the methods described by 
Predicted biological response 222
In vitro responses could be predicted for estrogenicity, androgenicity and photosynthesis inhibition 223 by multiplying the concentration of selected compounds by their relative potency (RP; determined in 224 this study) in the relevant assay. Cytotoxicity and genotoxicity can be caused by a wide variety of 225 compounds, and it was therefore not possible to relate those biological endpoints to chemical 226
analysis. 227
Predicted estrogenicity was calculated from 17β-estradiol (RP = 1), estrone (RP = 0.012) and estriol 228 (RP = 0.071); predicted androgenicity was calculated from androstenedione (RP = 0.057),androsterone (RP = 0.006), testosterone (RP = 0.21), testosterone propionate (RP = 0.20) and 17β-230 trenbolone (RP = 0.50); photosynthesis inhibition was calculated from diuron (RP = 1). 231
Morphological measures 232
For in situ measurements, differences in GL and PAL were analysed using single factor analysis of 233 covariance (ANCOVA) with the length of the fish as a covariate. The assumptions of homogeneous 234 covariate slopes and equal variances between groups were satisfied. Sex ratios were examined using 235 a binomial test. 236
Results and discussion 237

Bioanalytical 238
In general, raw sewage caused high in vitro responses, however wastewater treatment effectively 239 removed most of the activity and the treated wastewater samples were generally below bioassay 240 threshold values (Fig. 2) . At the AWRP, the aerobic and anaerobic digestion (secondary treatment) 241 and reverse osmosis provided most of the removal, while the oxidation ditch at WWTP3 performed 242 generally well (although it created short-lived genotoxicity). The raw sewage at the rural WWTPs 243 (WWTP 1 and 2) was much less toxic than at the municipal plants (AWRP and WWTP3), and the 244 pond-based treatment systems were adequate at reducing the toxicity to levels comparable to 245 AWRP secondary-treated wastewater and WWTP3 effluent. The site downstream of WWTP2 246 discharge induced slightly higher biological response in vitro compared with the upstream site, 247 although it was usually below bioassay threshold levels. 248
At the municipal plants (AWRP and WWTP3), raw sewage was acutely toxic to bacteria but aerobic 251 and anaerobic digestion (at AWRP) and the oxidation ditch (at WWTP3) reduced the toxicity of the 252 water by 89-92% and 70-91%, respectively. This suggests that toxic chemicals are either mineralised 253 to less toxic degradation products or absorbed to sludge particles and removed from the water 254 stream. At the rural plants (WWTP 1 and 2), raw sewage was not particularly toxic to bacteria (<0.3 255 TU) and the effectiveness of pond-based treatment was variable. The treated wastewater samples at 256 all plants monitored in this study were below 1 TU, indicating that only minimal acute toxicity would 257 occur at environmental levels. Discharge of treated wastewater at WWTP 1 and 2 resulted in a 3-5× 258 increase in baseline toxicity in the drain ( (Escher et al. 2008a ) and is thought to be an artefact of solvent carry-over during the SPE 268 concentration step. It is of no environmental concern as long as a) it is not considerably above the 269 detection limit (i.e., less than 0.1 TU) and b) no other specific and/or reactive toxicity are associated 270 with the sample -as was the case here. 271
These results are comparable to previous Australian studies, which reported the equivalent of 0.20 272 TU in raw sewage, up to 0.10 TU in secondary treated wastewater, and up to 0.04 TU in tertiary 273 treated wastewater using the Microtox assay (Macova et al. 2011 , Muller et al. 2007 ).
umuC assay for genotoxicity 275
Raw sewage contained detectable levels of genotoxicity (Fig. 2, . Aerobic and anaerobic 276 digestion at AWRP resulted in a 15-44% reduction in genotoxicity. Oxidation at WWTP3 resulted in a 277 4.9-6.2× increase in genotoxicity to levels above 1 GTU. An increase in genotoxicity in such an 278 environment favouring the creation of reactive compounds is not unexpected, but it should be noted 279 that it was short lived and that genotoxicity dropped below the bioassay threshold after clarification. 280
The genotoxicity of the final wastewater was 60-75% lower than that of the raw influent, and was 281 similar to that of the secondary wastewater at the AWRP. Genotoxicity was not commonly detected 282 in rural wastewater (WWTP 1 and 2) and was not detected in any of the river water samples. 283
Reverse osmosis was the most effective removal method for genotoxicity, removing at least 86% of 284 the activity (to <0.02 TU). Genotoxicity was not detected in any of the RO permeate samples (Fig. 2) . 285
With the exception of samples from the oxidation ditch, all samples were below 1 GTU. Their 286 discharge into the environment would therefore not be expected to produce significant genotoxicity. 287
The samples from the oxidation ditch, however, were above 1 GTU, suggesting that if this water 288 were discharged without further treatment (which is not the case) it may cause adverse effect in 289 exposed microorganisms. 290
These results are comparable to previous Australian studies, which reported the equivalent of 0.4 291 GTU in raw sewage and less than 0.02 GTU in treated wastewater using the umuC -S9 assay (Macova 292 et al. 2011 , Muller et al. 2007 . 293
Max-I-PAM assay for photosynthesis inhibition
90% and 50-86%, respectively. Reverse osmosis removed a further 48% at least, and all RO permeate 298 samples were below quantification limit (<0.03 µg/L DEQ). 299
The phytotoxicity in rural raw sewage (WWTP 1 and 2) was similar, ranging from 0.04-0.23 µg/L DEQ. 300
The overall removal efficacy with the pond-based systems was 47-59%, on average. The 301 phytotoxicity in the treated wastewater was similar to that of the municipal WWTPs, ranging from 302 <0.03-0.08 µg/L DEQ. Low-level photosynthesis inhibition was detected downstream of WWTP2 303 discharge (0.06 µg/L DEQ), but not at WWTP1. All treated wastewater samples were below the 304 bioassay threshold of 0.2 µg/L DEQ (Fig. 2) . 
E-SCREEN assay for estrogenic EDCs 311
Raw sewage at the municipal plants (AWRP and WWTP3) was highly estrogenic (Fig. 2, E-SCREEN) . 312
Aerobic and anaerobic digestion (at AWRP) reduced estrogenicity by 82-98%, consistent with 313 expectations that estrogens would mineralise and/or absorb to sludge (Andersen et al. 2003) . The 314 estrogenicity in the secondary treated wastewater from the municipal treatment plants (AWRP and 315 WWTP3) was still several orders of magnitude higher than a bioassay based threshold of 0.1 ng/L 316 EEQ, suggesting that release of these wastewaters without dilution could cause estrogenic effects in 317 the receiving environment. 318
Reverse osmosis removed at least 39% of the remaining estrogenicity, and all RO permeate samplesEstrogenicity at the rural WWTPs (WWTP 1 and 2) was very low, with less than 4.8 ng/L EEQ in raw 321 sewage and <0.02 ng/L EEQ at all other stages. Only river samples upstream and downstream of 322 WWTP2 had detectable estrogenicity, with a 2.2× increase at the downstream site (up to the 323 bioassay threshold of 0.1 ng/L; Fig. 2, E-SCREEN, "DN2" ). This level of estrogenicity suggests that low 324 level estrogenic endocrine effects may be detected in fish collected from that site (see Sections 3.3 325 and 3.4.2), as well as the existence of upstream sources of estrogenic compounds. 326
The concentrations are consistent with previous Australian studies, which reported up to 74 ng/L 327 EEQ in raw sewage, up to 1.6 ng/L EEQ in secondary treated wastewater, up to 0.47 ng/L EEQ in river 328 water, and less than 0.06 ng/L EEQ in reclaimed water in the E-SCREEN assay (Leusch et al. 2010 , 329 Macova et al. 2011 , Tan et al. 2007 . 330
AR-CALUX assay for androgenic EDCs 331
Raw sewage contained high levels of androgenic compounds, but wastewater treatment was 332 effective at reducing the androgenicity in all treated wastewater samples to below detection limit 333 (<2.5 ng/L DHTEQ). None of the environmental samples had any detectable level of androgenicity, 334 suggesting that androgenic endocrine disruption is unlikely in organisms in the receiving 335 environment. All RO permeate samples were also below detection limit. 336
No data could be found on androgenicity in Australian waters, but our results are comparable with a 337
European study, which reported up to 86 ng/L DHTEQ in raw sewage and 0.75-0.83 ng/L DHTEQ in 338 treated wastewater (van der Linden et al. 2008 ).
Several androgen and estrogen hormones were detected in raw and partially treated wastewater 342 (Table 1) . Overall, the chemical data indicates good removal by secondary treatment and, with a few 343 exceptions, hormones were not detected in treated wastewater. Several androgens were routinely 344 detected (particularly the naturally occurring androstenedione, androsterone, etiocholanolone and 345 testosterone). Estrone was the only estrogen commonly detected, including in secondary treated 346 wastewater (Table 1) The trenbolone concentrations detected here were in the same range as those previously reported 357 in runoff from beef feedlot in the USA (Durhan et al. 2006) . 358
3.2.3.Herbicides 359
Of all the pesticides monitored (section 2.2.2), only diuron and metolachlor were detected above the 360 reporting limit (0.025 µg/L). 361
Diuron was detected at most WWTPs, at concentrations up to 0.15 µg/L. Conventional wastewater 362 treatment was not particularly effective, and concentrations of diuron in treated wastewaters were 363 in the same range as in the influent. Reverse osmosis was, however, effective at removing diuron tobelow quantification limit. Metolachlor was detected at the AWRP only, at up to 0.12 µg/L in raw 365 sewage. Primary and secondary treatment removed more than 78% of the compound. 366
Mosquitofish 367
There were significant differences between sex ratios at both WWTPs in the September (Spring) and 368 March (Summer) sampling periods but not during the July (Winter) sampling period (Table 2) . 369
However, the trends were not consistent between sampling periods and appear to reflect 370 population differences rather than any WWTP impact. 371
[INSERT TABLE 2 ABOUT HERE] 372
There was no consistent effect on GL or PAL at either WWTP 1 or 2. There were no significant 373 differences between either the GL (ANCOVA, p Sep Vitellogenin (Vtg), a precursor to egg yolk, is naturally produced by mature female fish in the lead up 384 to the reproductive season (Summer). Vtg was not detectable in plasma of female fish in Winter (Fig.  385 3, right, grey bars) but commonly detected in females in Summer (except at the reference site; Fig. 3 ,compounds (Sumpter and Jobling 1995). If males were exposed to estrogenic compounds, it could be 388 expected that Vtg would be produced irrespective of the season. Plasma Vtg was not detected in 389 male mosquitofish at WWTP1 and the reference site (Fig. 3, left) ; however, it was detected in both 390
Summer and Winter sampling periods upstream and downstream of WWTP2 (at low levels 391 compared to female fish). This indicates that these fish were exposed to estrogenic compounds. 392
Given that fish both upstream and downstream of the WWTP outlet displayed this response, it is not 393 possible to attribute this to the presence of the outlet alone. It is likely that upstream sources of 394
EDCs are acting, with the outlet contributing to the EDC load at the downstream site. 395
[INSERT FIG 3 ABOUT HERE] 396
Comparison of the different methods 397
Comparison of chemical and in vitro bioassay analysis 398
Using the concentrations of chemicals and their known potency in the bioassays, it was possible to 399 calculate predicted activity and compare it with the measured response in vitro. This could be done 400 for estrogenicity based on estrogen hormones, androgenicity based on androgen hormones and 401 photosynthesis inhibition based on diuron (Fig 4) . 402
[INSERT FIG 4 ABOUT HERE] 403
The natural hormones 17β-estradiol and estriol accounted for most of the predicted estrogenicity in 404 raw and partially treated wastewater (92-94%), while estriol and estrone accounted for most of the 405 predicted estrogenicity in secondary treated wastewater (90%). 406
When comparing predicted with measured estrogenicity, 30 out of 66 data points (45%) were within 407 an order of magnitude from isometric agreement (i.e., within the dotted lines in Fig 4) . Out of the 36 408 data points that were more than one order of magnitude away, 26 predicted much higher 409 estrogenicity than was measured (24 of those at WWTP 1 and 2) and 10 measured much higher 410 estrogenicity than predicted. The chemical detection limit for the potent estrogen 17α-411 ethinylestradiol was comparatively high (5 ng/L) and it is likely that this compound occurring just 412 below the chemical detection limit explains most of the occurrences of measured higher than 413 predicted estrogenicity. The presence of anti-estrogens may explain the poor agreement between 414 predicted and measured estrogenicity was found at the rural WWTPs 1 and 2. 415
Testosterone, androstenedione and 17β-trenbolone were evenly responsible for 83-93% on average 416 of the predicted androgenicity in raw and primary treated wastewater, while androstenedione alone 417 was responsible for 67-78% of the predicted androgenicity in partially treated and secondary treated 418
wastewater. 419
Much better agreement between predicted and measured response was obtained for androgenicity, 420 with all 62 data points falling within an order of magnitude of isometric agreement (Fig 2) . This 421 suggests that the 5 androgens measured here by chemical analysis are responsible for most of the 422 androgenicity in the AR-CALUX assay. 423
When comparing predicted and measured photosynthesis inhibition, there was generally good 424 agreement between the predicted and measured diuron equivalent (with 67 out of 83 data points 425 within an order of magnitude of isometric agreement, Fig 4) . There were no samples where the 426 response was lower than predicted, however the measured response was much higher than 427 predicted for 19% of samples. This is particularly true for raw sewage samples, and suggests the 428 presence of other phytotoxic compounds not accounted for by chemical analysis. Note that 429 measured and predicted photosynthetic inhibition in all secondary and treated wastewater samples 430 were in good agreement, indicating that diuron was the most significant contributor to phytotoxicity 431 in these samples. This suggests that phytotoxic compounds present in raw sewage were removed by
Comparison of in situ monitoring and analysis of wastewater at WWTP 1 and 2 434
There was a good parallel between the findings of the in situ monitoring and both chemical and in 435 vitro bioassay analysis of the treated wastewaters and rivers. Overall, the chemical and in vitro 436 bioassay analysis showed good removal of endocrine-active substances (both estrogenic and 437 androgenic) by wastewater treatment to produce low to undetectable concentrations of estrogenic 438 and androgenic EDCs (Table 1 and Fig 2) . Low estrogenicity was detected in the drain upstream and 439 downstream of WWTP2, with the downstream site slightly higher than the upstream site (Fig 2, E-440   SCREEN) . Based on these findings, slight estrogenic effects were expected in fish in the WWTP2 drain 441 but not in the WWTP1 drain or at the reference site. This is indeed what was found (Fig 3) . <50  <50  <50  <50  <50  <50  <50  <50  <50  <50  <50  <50  <50  Sep-08  <50  <50  <50  <50  <50  <50  <50  <50  <50  <50  <50  <50  <50  Mar-09  NA  NA  NA  NA  <50  <50  <50  <50  <50  <50  <50  <50  <50  Testosterone  propionate   Mar-08  <5  <5  <5  <5  NA  NA  NA  NA  NA  NA  NA  NA  NA  Jun-08  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5 NA  NA  NA  NA  <50  <50  <50  <50  <50  <50  <50  <50  <50  17α-Ethinylestradiol  Mar-08  <5  <5  <5  <5  NA  NA  NA  NA  NA  NA  NA  NA  NA  Jun-08  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5  Sep-08  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5  Mar-09  NA  NA  NA  NA  <5  <5  <5  <5  <5  <5  <5  <5 Upstream and downstream of WWTP1, respectively; "UP2" and "DN2" = Upstream and downstream 588 of WWTP2, respectively; "Ref" = Reference site; "NA" = Not available; "BQL" = Below quantification 589 limit (quantification limit specified in Table 1 ). n =2 independent samples. 590 androgenicity (as dihydrotestosterone equivalent, DHTEQ; middle) and photosynthesis inhibition (as 600 diuron equivalent, DEQ; bottom). The predicted in vitro response was calculated from chemical 601
